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Mechanisms causing strain rate dependency of the uniaxial tensile strength of Gosford sandstone are
studied using the Distinct Lattice Spring Model (DLSM). The DLSM is built to have a microstructure which
resembles aspects of the microstructure in a sample of the sandstone observed through 5 lm resolution
X-ray micro CT scanning. Numerical dynamic uniaxial tensile tests on the sandstone are performed using
both X-ray micro CT based and homogenous particle models. The results indicate that there is an only
negligible strength increase with increasing strain rate for the homogenous particle model. However, a
signiﬁcant strength increase is observed with increasing strain rate for the X-ray micro CT based particle
model. Therefore, it must be the microstructure that causes a strain rate dependency. Moreover, the inﬂu-
ence of viscosity and rate dependency of springs are also studied. Results reveal that the rate dependency
of the springs rather than their viscosity is also a main cause of the rate dependency.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
The dynamic failure of rock is a highly signiﬁcant and timely
problem in civil, mining, petroleum and geothermal engineering
disciplines. It relates to economy and safety of structures built in
or on rocks and is the key to solving engineering problems involv-
ing dynamic loading conditions. Brittle materials like rock, when
viewed at a microscopic level, are discontinuous, heterogeneous
and contain random ﬂaws and cracks. The failure of these materials
depends mainly on the size and spatial distributions of the ﬂaws
and cracks (Cox et al., 2005). A rigorous scientiﬁc approach to mod-
el these materials must consider the microstructure. However,
most approaches have adopted conventional continuum mechan-
ics, in which the constitutive laws used in describing the rock are
derived from macro scale observations, without consideration of
microstructure. Experimental studies often focus on the inﬂuence
of loading rate on macro-mechanical properties, including defor-
mation modulus, compressive strength, tensile strength and frac-
ture toughness (e.g. Masuda et al., 1987; Li et al., 1999; Zhao,
2000; Yan and Gao, 2006; Shiro et al., 2008; Asprone et al., 2009;
Cadoni, 2010; Dai et al., 2010). These studies provide at best a phe-
nomenological description of dynamic effects in rock behavior.
They are unable to consider microstructure, thus cannot explain
fundamental mechanisms linking strain rate dependency and
microstructure to fracturing and failure. There have also beenseveral theoretical studies, which attempt to link loading rate to
fracturing and failure. These are based on heat activation theory
(Kumar, 1968), spring-dashpot models (Chong and Boresi, 1990;
Chong et al., 1980), the sliding crack model (Li et al., 2000), and
inertial effects (Li et al., 2009). These do offer a macroscopic inter-
pretation of some rate dependent behaviors of rock materials, but
still cannot explicitly describe the dynamic fracturing and failure
processes, especially at the rock grain level (ranging in size from
103 m to 104 m).
With a focus on the microstructure, few researchers have used
X-ray computed tomography (X-ray micro CT) and scanning elec-
tron microscopy (SEM) to study the micro fracturing (e.g. Ichikawa
et al., 2001; Wang et al., 2005; Suﬁan and Russell, 2013). However,
X-ray micro CT and SEM are only applicable under quasi-static
loading. With the development of modern computer science,
numerical methods provide a powerful alternative for microme-
chanical studies of rock and simulation of the dynamic fracture
processes. Notable studies which have focused on the micro
dynamic failure of rock materials include Du et al. (1989), di Prisco
and Mazars (1996), Tang and Kaiser (1998), Zhu and Tang (2006),
Zhou and Hao (2008) and Ma et al. (2011). In order for any numer-
ical model to realistically describe rock dynamic fracture and fail-
ure, it should be able to account for the complex geometry at the
micro scale. To tackle this problem, digital image data (both 2D
and 3D) have been incorporated to different numerical methods,
e.g. Finite Element Method (FEM) (Lengsfeld et al., 1998; Yue
et al., 2003; Liu et al., 2004; Zhu et al., 2006; Dai, 2011), Finite
Difference Method (FDM) (Chen et al., 2004, 2007), Discrete
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Boltzmann Method (LBM) (Bai et al., 2010; Degruyter et al.,
2010), Moving Particle Semi-implicit method (MPS) (Ovaysi and
Piri, 2010), Network modeling (Blunt et al., 2013), and lattice beam
models (Van Mier, 1991; Schlangen and Van Mier, 1992; Asai et al.,
2003; Schlangen, 2008). The lattice beam model solved the Pois-
son’s limitation of the classical Lattice Spring Model (LSM), which
has been used to study the well-known hand-shake crack pattern
related to the softening of concrete (Van Mier, 1991). The digital
image ﬁles can be obtained from a range of devices, for instance,
the digital camera (e.g. Chen et al., 2004, 2007; Yue et al., 2003;
Zhu et al., 2006), SEM (e.g. Schlangen and Garboczi, 1997), the
Polarizing microscope (e.g. Liu et al., 2004), and X-ray micro CT
(e.g. Lengsfeld et al., 1998; Schlangen, 2008). Among them, the
X-ray micro CT is particularly attractive due to its non-destructive
detection of 3D information.
In this work, the mechanism of strain rate dependency of uniax-
ial tensile strength in Gosford sandstone (part of the main Hawkes-
bury sandstone geological unit across the Sydney Basin) is studied
using the Distinct Lattice Spring Model (DLSM) (Zhao, 2010; Zhao
et al., 2011) with X-ray micro CT. Numerical dynamic uniaxial ten-
sile tests on a virtual sample of sandstone are performed. The
microstructure of the virtual sample replicates aspects of the 3D
microstructure obtained from X-ray micro CT. This replication is
possible using a technique for mapping the X-ray micro CT infor-
mation onto the lattice used with the DLSM. The computational
model is calibrated against a quasi-static uniaxial unconﬁned com-
pressive test conducted on the sample from which the X-ray micro
CT data was gathered. Numerical tests are conducted in which ten-
sile failure occurs under different applied strain rates. The inﬂu-
ences of microstructure, particle size, viscosity and rate
dependency of springs are studied. Results reveal that the micro-
structure and rate dependency of the springs rather than the par-
ticle size and viscosity of the springs are main causes of the rate
dependency.2. The Distinct Lattice Spring Model
In the DLSM, solid material is represented by a particle model
whose mechanical response is described by the corresponding lat-
tice structure. In the model, two particles are linked through a
spring bond whenever the gap between them is smaller than a pre-
scribed threshold value (see Fig. 1a). Different particle assemblies
and threshold values will produce different lattice structures (see
Fig. 1(b) and (c)). DLSM can model both short- and long-range
interactions through a bond that is made up from one normal
spring and one multi-body shear spring (see Fig. 1a).
For the multi-body shear spring the relative shear displacement
is obtained using a local strain of a particle cluster rather than the
displacements of two linked particles. The shear deformation is
calculated as (Zhao et al., 2011)
u^sij ¼ ½ebond  nl ðð½ebond  nlÞ  nÞn ð1Þ
where l is the initial bond length, ½ebond is the bond local strain
which is evaluated as the average of the two linked particles, n is
the normal vector of the spring bond. This approach has been pro-
ven to be able to keep rotational invariance and to solve the Pois-
son’s ratio limitation in the conventional lattice spring models.
The local strain technique also allows the DLSM to use only half
the degree of freedoms compared with the Discrete Element Model
(DEM).
Fig. 2 shows the failure criterion used in the DLSM. The bond is
removed from calculation when the normal or shear deformation
of the bond exceeds the prescribed value. After the bond is broken,
if two particles tend to move towards each other, overlap isprevented by formation of a contact between the particles. New
contacts can be formed at any time during the model deformation.
Since the DLSM has only two spring parameters (spring normal and
shear stiffnesses, kn and ks) and two failure parameters (spring
deformations at which tensile and shear failure occur, ut and u

s ),
it is a simple tool to observe and study the microstructure inﬂu-
ence on the mechanical response of materials.
In the DLSM, broken bonds and new contacts are detected for
given particle displacements from the previous calculation step.
Then, spring and contact forces are calculated as per the constitu-
tive law (Fig. 2). The acceleration of each particle is calculated from
Newton’s second law as
€uðtÞ ¼ F
ðtÞ
mp
ð2Þ
where FðtÞ is the sum of forces acting on the particle, mp is the par-
ticle mass.
Then, the particle velocity is updated as
_u tþ
Dt
2ð Þ ¼ _u tDt2ð Þ þ €uðtÞDt ð3Þ
where Dt is the time step.
Finally, the new displacement of the particle is
uðtþDtÞ ¼ uðtÞ þ _u tþDt2ð ÞDt ð4Þ
It was proven that by using Newton’s second law with a lattice
structure, the classical elastic and elastic dynamic problems can be
successfully solved by the DLSM and the results are in good agree-
ment with corresponding analytical solutions (Zhao, 2010; Zhao
et al., 2011; Zhu et al., 2011).
Another distinct feature of the DLSM is that the input elastic
parameters are the macro material constants, i.e. the Young’s mod-
ulus E and the Poisson ratio m. Spring stiffness parameters are auto-
matically calculated using following equations (Zhao, 2010; Zhao
et al., 2011):
kn ¼ 3E2a3Dð1 2vÞ ð5Þ
ks ¼ 3ð1 4vÞE2a3Dð1þ vÞð1 2vÞ ð6Þ
where E is the Young’s modulus, and v is the corresponding Pois-
son’s ratio. The a3D is the microstructure geometry coefﬁcient of
the lattice model.
a3D ¼
P
l2i
V
ð7Þ
where li is the original length of the ith bond, V is the volume of the
represented geometry model. The underlying principle to link the
micro and macro parameters is that the total strain energy of the
lattice structure is equivalent to that of the continuum model (see
Fig. 3). Details of derivation and veriﬁcation of DLSM can be found
in Zhao (2010) and Zhao et al. (2011).
3. X-ray micro CT test
The X-ray micro CT data used, from Suﬁan and Russell (2013), is
for Gosford sandstone, which is a medium grained (0.2–0.3 mm),
poorly cemented, immature quartz sandstone. It contains 20–30%
feldspar and clay minerals, with serrate connection between
quartz grains, and has an average density of 2265.5 kg/m3 (Ord
et al., 1991). Suﬁan and Russell (2013) took images of the central
5.24 mm portion of a 5 mm diameter and 19.2 mm long core (see
Fig. 4). The X-ray micro CT scanning was conducted at the Austra-
lian Centre for Microscopy and Microanalysis (ACMM) using the
Fig. 1. Spring bond, particle packings and lattice structures in the DLSM.
Fig. 2. Constitutive models for normal and shear springs in the DLSM.
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Fig. 3. Strain energy stored in a lattice spring network and a continuous model.
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5 lm and a source voltage of 59 kV. The 5 mm diameter sample
permitted high resolution to be achieved and the pore space, which
contained throats of only a few micrometers in size, to be imaged
adequately. Scans were taken at different stages during prefailure
unconﬁned compressive loading, and only the scan prior to the
commencement of loading is used here. The stress–strain curve
was measured using a SkyScan Material Testing Stage loading
apparatus. The apparatus had a maximum loading capacity of
440 N, a displacement sensor accuracy of ±0.01 mm and a load
measurement accuracy of ±8.8 N (corresponding to ±0.45 MPa).
The resulting stress–strain curve is reported in Suﬁan and Russell
(2013). The sample did not show any signs of failure under the
maximum applied load of 395 N, corresponding to an axial stress
of 20.1 MPa. The reconstruction produced gray-scale slice images.
A smoothing operation was conducted to reduce image noise,
where the adjustable smoothing parameter was visually compared
to ﬁnd a balance between noise reduction and the ability to see
ﬁne details. Scanning artefacts were reduced via software manipu-
lation, with the primary artefacts being beam hardening and ring
artefacts. Complete details of the scanning and reconstruction
techniques used are given in Suﬁan and Russell (2013).
4. A procedure for building the DLSM from X-ray micro CT data
4.1. The algorithm
A procedure is developed to build a DLSM which has a 3D por-
ous microstructure that resembles that of the sample scannedFig. 4. The X-ray micro CT test by Suﬁan anusing X-ray micro CT (see Fig. 5). First a base particle model is built,
being an idealized assembly of equal sized spherical particles.
Then, the x, y, z coordinates of a particle in the base model are used
to ﬁnd where the particle would locate inside the X-ray micro CT
scanned sample. The particle is assigned with a speciﬁc material
number according to its color information in the scanned sample.
Then a textured model is built from the base model. The ﬁnal mod-
el is formed from further geometric operations. The details of the
procedure are given below.
Fig. 6 shows the mapping operation for a particle model into the
CT image space. The procedure involves assuming the X-ray micro
CT images (2D slices) are sequenced along the z’ direction. An array
fz0ig is used to represent these images (where i ¼ 1; . . . ;n, and n is
the number of images in the sequence). The following equation is
used to transform the z coordinate of a particle in the base model
in the numerical model space to the z0t coordinate in the CT image
space
z0t ¼ f1ðzÞ ¼ azþ b ð8Þ
where a is a scale parameter and b is a translation parameter. These
two parameters can be determined by two reference z values (bot-
tom and top positions) in the numerical model space and CT image
space. One example calculation of parameters a and b is presented
in Section 4.2. Once z0t is known, the two neighboring CT images are
identiﬁed using
if z0t < z
0
1 then
Imgi ¼ 1
Imgj ¼ 2
(
if z0t > z
0
n then
Imgi ¼ n 1
Imgj ¼ n
(
if z0t <¼ z0i then
Imgi ¼ i 1
Imgj ¼ i
(
ð9Þ
The x and y coordinates of a particle in the numerical model space
are transformed to coordinates in the CT image space using a 2D lin-
ear transformation function
x0
y0
 
¼ a1 a2 a3
b1 b2 b3
  x
y
xy
0
B@
1
CAþ a4
b4
 
ð11Þ
In this work, a1, a2, a3, a4, b1, b2, b3, and b4 are mapping param-
eters which are determined from four reference points ðx01; y01Þ;
ðx02; y02Þ; ðx03; y03Þ, and ðx04; y04Þ of the CT image and the correspondingd Russell (2013) on Gosford sandstone.
Fig. 5. Build up a X-ray micro CT based particle model for the DLSM.
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For a given CT image with n0 m0 pixels, the default four reference
points are given as ðx01; y01Þ ¼ ð0;0Þ; ðx02; y02Þ ¼ ð0;m0  1Þ;
ðx03; y03Þ ¼ ðn0  1;m0  1Þ, and ðx04; y04Þ ¼ ðn0  1;0Þ.
After substituting the reference points into Eq. (11), the map-
ping parameters become
a1x1þa2y1þa3x1y1þa4¼ x01
a1x2þa2y2þa3x2y2þa4¼ x02
a1x3þa2y3þa3x3y3þa4¼ x03
a1x4þa2y4þa3x3y3þa4¼ x04
8>><
>>:
)
a1
a2
a3
a4
0
BBB@
1
CCCA
T
¼
x1 y1 x1y1 1
x2 y2 x2y2 1
x3 y3 x3y3 1
x4 y4 x4y4 1
0
BBB@
1
CCCA
1 x01
x02
x03
x04
0
BBB@
1
CCCA
ð12Þand
b1x1þb2y1þb3x1y1þb4¼ y01
b1x2þb2y2þb3x2y2þb4¼ y02
b1x3þb2y3þb3x3y3þb4¼ y03
b1x4þb2y4þb3x3y3þb4¼ y04
8>><
>>:
)
b1
b2
b3
b4
0
BBB@
1
CCCA
T
¼
x1 y1 x1y1 1
x2 y2 x2y2 1
x3 y3 x3y3 1
x4 y4 x4y4 1
0
BBB@
1
CCCA
1 y01
y02
y03
y04
0
BBB@
1
CCCA
ð13Þ
For any particle of the numerical model, its x and y coordinates
in the digital CT image space can be determined using these
parameters and Eq. (11). The linear mapping equation can recover
some distortion caused by physical operations (e.g. the incline
Fig. 6. Mapping a particle from the numerical model space to the CT image space.
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especially important for 3D images system using a digital camera
(e.g. Chen et al., 2007), and is the reason why it has been used in-
stead of the direct mapping method.
Using this approach, and the color information obtained from
the CT image space, it can be determined whether pore or solid
exists at the locations of each particle of the base model. The color
of a pixel in CT image is usually represented by RGB which is a
vector ðr; g; bÞ. The r is the red value, g is the green value, and b
is the blue value. The range for these values is from 0 to 255. The
RGB value for a particle of the numerical model in CT space is cal-
culated as:
RGBt ¼ wiRGBðxt ; yt; ImgiÞ þwjRGBðxt ; yt; ImgjÞ ð14Þ
where RGBðxt ; yt; ImgiÞ and RGBðxt; yt; ImgjÞ represent the RGB values
of the pixel ðxt; ytÞ in adjacent images Imgi and Imgj, respectively, and
wi ¼ 1
z0t  z0 Imgið Þ
z0
Imgjð Þ  z
0
Imgið Þ
wj ¼ z
0
t  z0 Imgið Þ
z0
Imgjð Þ  z
0
Imgið Þ
ð15Þ
are weighting factors depending on where the particle is located be-
tween the adjacent images.
A range of methods to link color information with material type
(in this case solid or pore) have been reported in the literature (e.g.
Chen et al., 2007; Zhu et al., 2006). The classical method is to trans-
form the RGB color information into the HSI color index system,
and use I (gray value) as the index to link with different materials.
In this work, the I (gray value) is calculated asFig. 7. Assign material number to a particle based on its color information. (For interpret
version of this article.)Iðgray valueÞ ¼ 0:299r þ 0:587g þ 0:114b ð16Þ
The procedure used here to assign material numbers (1 for solid
and 0 for pore) is shown in Fig. 7. A mapping table is required to
link the gray value distribution and the ingredients for the mate-
rial. In practice, this table needs to be built from a trial and error
process. In this work, since only the solid and pore phases are con-
sidered, it is very straightforward to build up the mapping table
(see the following example).4.2. An example
A total of 1010 image ﬁles (around 5 GB) were obtained in the
X-ray micro CT test on the Gosford sandstone specimen, each rep-
resenting a slice through the specimen, with a 5 lm spacing be-
tween slices. Each image ﬁle comprises 1200  1200 pixels (5 lm
for each pixel). The whole X-ray micro CT model is thus made up
from 1.43 billion voxels. To directly build up a particle model using
this quantity of data is beyond the currently available computa-
tional power. So, in this work, only 100 slices (image index
20,30, ... ,1010) are selected to reconstruct the particle model (see
Fig. 8). Three base particle models are ﬁrstly built (see Fig. 9).
The dimension of these models are 6000  6000  5000 lm. The
20th slice is used to represent the bottom surface of the numerical
model, as the ﬁrst 19 slices were outside of the sandstone speci-
men during the X-ray micro CT test. The 1010th slice is used as
the top surface. The total length of CT range of the specimen is
(1010  20)  5 lm = 4950 lm. Then, in the numerical model,
the z coordinates for the bottom and top CT surfaces are selected
as 0 and 4950 lm, respectively. Substituting this information into
Eq. (8) gives a = 20,000 and b = 20.ation of the references to color in this ﬁgure legend, the reader is referred to the web
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ence points of the numerical space and the corresponding points of
the digital CT image are shown in Fig. 10. The mapping parameters
are calculated automatically in a newly developed computer code
(see Fig. 7b) according to Eqs. (12) and (13). In this work, solid
and pore are distinguished from each other using the distribution
of color in a CT image, as shown in Fig. 7(b). The black color refers
to the pore space, and the lighter gray color is the solid space. From
a trial and error process (the criterion is that the adjusted image
can still reﬂect the pore structure of the original image in vision),
it was determined that gray = 0–20 represents the pore space
(material number 1) and gray = 21–255 represents the solid space
(material number 2). As an example, Fig. 11 shows an original CT
image and the adjusted image showing solid and pore spaces.
Then, material number list ﬁles for the base particle models are
generated, which are used to produce the textured particle models.
Fig. 12 shows the ﬁnal CT based particle models for the Gosford
sandstone specimen by removing particles inside the pore space.5. Numerical modeling
Uniaxial tensile failure is the most fundamental fracture phe-
nomenon of a brittle material. Studies on the dynamic uniaxial ten-
sile strength of rock and rock like materials have been performed
by many researchers, e.g. Yan and Gao (2006), Shiro et al. (2008),Fig. 8. Selected X-ray micro CT images o
Fig. 9. Base models of differenAsprone et al. (2009) and Cadoni (2010). All these experimental re-
sults indicate an apparent strain rate affect on the dynamic uniax-
ial tensile strength, i.e. the strength increases with the increasing
strain rate. Fig. 13 shows experimentally determined uniaxial ten-
sile strength of a sandstone (Shiro et al., 2008). A logarithm equa-
tion is used to ﬁt the experimental data (Zhao, 2000; Shiro et al.,
2008)
rtð _eÞ ¼ 3:4647 lnð _eÞ þ 4:387 ð17Þ
A Dynamic Increase Factor (DIF) may be introduced to give
DIF20 ¼ rtð _eÞrtð20Þ ¼ 0:2346 lnð
_eÞ þ 0:2971 ð18Þ
where the base tensile strength is selected the value under strain
rate of 20 s1.
In this study, the range of strain rates considered is 20–100 s1,
which requires an extrapolation of the available experimental data.
It should be mention that the logarithm equation has been proven
as applicable to describe the dynamic tensile strength of different
rocks (Zhang and Zhao, 2013). However, the mechanisms of this
strain rate dependency are still not clear. In this paper, the mech-
anisms of strain rate dependency of dynamic tensile strength in
Gosford sandstone at rock grain scale (103 m to 104 m) are stud-
ied using the DLSM.f the Gosford sandstone specimen.
t resolution (particle size).
Fig. 10. Reference points of the mapping operation from numerical model space to CT image space for the Gosford sandstone specimen.
Fig. 11. Assign material number based on the gray value of a CT image (two phase
model).
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For the Gosford sandstone, the uniaxial tensile strength is as-
sumed to be 3.58 MPa (Jaeger, 1967), and the elastic modulus is ta-
ken as 2.5 GPa, based on the stress–strain curve reported by Suﬁan
and Russell (2013). The Poisson’s ratio is assumed to be 0.2. The
computational model and boundary conditions for the DLSM to
simulate the uniaxial tensile test and uniaxial compressive test
are shown in Fig. 14. Two velocity loads are applied on the two
ends of the specimen to simulate the loads in the corresponding
tests asFig. 12. CT based particle models for the Gosford sandstone specvðtÞ ¼ vdt=t0 t 6 t0
vd t > t0

ð19Þ
where vd is the loading velocity and t0 is the rise time for the ap-
plied velocity. The arise time is normally taken to be ﬁve or more
times the wave transmission through the given specimen (Ma
et al., 2011). In this work, t0 is taken as 40 ls for all simulations.
The quasi-static compressive test is simulated using the DLSM
(an explicit numerical method) which uses a very small time step
to guarantee numerical stability, i.e. the time step is 5e8 s for the
model with particle size of 100 lm. The computational require-
ment of the DLSM is demanding. To overcome this problem, paral-
lel computing was developed (Zhao et al., 2013). In this work, all
simulations are solved by using the DLSM parallelized by OpenMP
(Zhao et al., 2013). The DLSM code runs on the a workstation which
is equipped with two six-core CPUs (each of CPU is enriched with
six co-processors) and 24 GB memory. Fig. 15 shows the speedup
and computational time of the DLSM for modeling the uniaxial
compressive test of the Gosford sandstone specimen (1000 cycles
of calculation). A speedup around 7.8 is achieved, which is attrac-
tive for numerical simulations, especially when calibration re-
quires many simulations as the case here. Numerical results from
the DLSM for the uniaxial compressive test on the Gosford sand-
stone specimen are shown in Fig. 16. It indicates that the adopted
elastic parameters are able to reproduce well the elastic behavior
of the small sandstone specimen. In the DLSM, the bonding (spring)
parameters are calculated from the macroscopic measured
parameters by using Eqs. (5)–(7). It should be mention that aimen by removal of particles that represent the void phase.
Fig. 13. Experimental data of the dynamic uniaxial tensile strength of a sandstone
by Shiro et al. (2008).
Fig. 15. Computational time and speedup of the DLSM parallelized by OpenMP on
the uniaxial compressive test (CT based particle model with particle size of
100 lm).
Fig. 16. The strain stress curve of the compressive test predicted by the DLSM with
the CT based particle model (particle size = 100 lm).
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a more realistic simulation. However, as both the quartz grains and
cement connects are highly irregular three-dimensional objects,
the physical bonding parameters for each connect may vary with
others, which results a practical difﬁcult on acquiring these bond-
ing parameters physically.
5.2. Numerical tests for dynamic uniaxial tensile strength
Dynamic uniaxial tensile tests on the Gosford sandstone speci-
men are simulated by the DLSM (see Fig. 14). Different loading
velocities produce different strain rates on the specimen which
can be calculated as
_eðtÞ ¼ 2vdðtÞ
L
ð20Þ
where L is length of the specimen. In this work, L is taken as
5000 lm. For all simulations, to make sure the strain rate for the
tensile failure is constant, the failure of the specimen must happen
when t > t0. This is ensured for loading velocities less than
3.0  105 lm/s. For the uniaxial tensile tests, only ut⁄ is treated as
a target variable in the trial and error calibration process. It is as-
sumed that us ¼ 1, i.e. shear failure does not occur. This treatment
is a typical elastic-brittle approach, which has also been adopted by
Schlangen and Van Mier (1992) in the lattice beam model to study
the fracture of cement-based composites.
Since the quasi static uniaxial tensile strength of Gosford sand-
stone is 3.58 MPa, and assuming the DIF for the dynamic tensile
strength under a strain rate of 20 s1 is 1.45, then the target dy-
namic tensile strength is 5.20 MPa. From a calibration process,Fig. 14. Boundary conditions for the uniaxial tensilut ¼ 0:56 lm is obtained, corresponding to a dynamic uniaxial ten-
sile strength around 5.0 MPa for the 100 lm particle size model.
5.2.1. Inﬂuence of microstructure
To study the inﬂuence of strain rate on the uniaxial tensile
strength, different loading velocities are used, including
5  104 lm/s, 1.0  105 lm/s, 1.5  105 lm/s, 2.0  105 lm/s and
2.5  105 lm/s. The corresponding strain rates are 20 s1, 40 s1,
60.0 s1, 80.0 s1 and 100.0 s1, respectively. ut ¼ 0:56 lm and
us ¼ 1 are assumed for all simulations.e and uniaxial compressive tests by the DLSM.
Fig. 17. Stress–strain curves of the uniaxial tensile tests under different strain rates
by the DLSM with the CT based particle model (particle size = 100 lm).
Fig. 19. Strain stress curves of the uniaxial tensile tests under different strain rates
by the DLSM with a homogenous particle model (particle size = 100 lm).
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tensile tests under different strain rates predicted by the DLSM
with the CT based particle model. An increase in strength with
the strain rates is observed. It should be mentioned that the
adopted constitutive model for the springs is only a simple brittle
model and does not include any rate dependency term. Therefore,
the microstructure must be the reason for the observed strain rate
dependency. Failure patterns of the specimen under different
strain rates are shown in Fig. 18.
To further study the inﬂuence of the microstructure, numerical
simulations using a homogenous particle model are also con-
ducted. Fig. 19 shows the simulation results, where no apparent
strength increases are observed. This reafﬁrms that it is the micro-
structure that causes the strength increase shown in Fig. 17. Failure
patterns of the homogenous particle models are shown in Fig. 20,
which are different under different strain rates. For the CT based
particle model, the fracture path is along the weak parts of the
specimen, being narrow bridges of solid through regions of highFig. 18. Failure patterns of the unaixial tensile tests under different strain ratepore concentration. For the homogenous particle model, the failure
path is mainly controlled by the deformation (strain wave) distri-
bution along the specimen. The strain wave has reﬂections within
the specimen, making the deformation distribution irregular under
different strain rates.
To further investigate the inﬂuence of microstructure, a sto-
chastic particle model is generated by simply removing 10% of
the particles in the homogenous particle model in a random way.
The simulation results are shown in Figs. 21 and 22. The inﬂuences
of microstructure on the strain rate dependency are summarized in
Fig. 23. It can be seen that the stochastic particle model produces a
similar strain rate dependency as the CT based particle model. It is
concluded that the disordered structure of the sandstone is one of
the mechanisms causing the strain rate dependency of uniaxial
tensile strength of the sandstone.
To study whether the particle size (in the DLSM) has an inﬂu-
ence on the strain rate dependency three CT based particle models
with different particle sizes (see Fig. 12) are used. The dynamics by the DLSM with the CT based particle model (particle size = 100 lm).
Fig. 20. Failure patterns of the uniaxial tensile tests under different strain rates by the DLSM with a homogenous particle model (particle size = 100 lm).
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The results are shown in Fig. 24. It can be seen that the particle
size has little inﬂuence on the strain rate dependency, and the ob-
served inﬂuence of microstructure on strain rate dependency is
reliable.
5.2.2. Inﬂuence of micro constitutive models for springs
The strain rate dependency or dynamic behavior of rock is inﬂu-
enced by many factors. The microstructure is one of them. The
strength increase caused by the microstructure is only around
8%, less than the overall strength increase of 38% observed in
experiments. To investigate other factors which may increase
strength further, the viscosity and rate dependent behavior of
springs are considered. The viscous model for the springs is intro-
duced as
Fvis ¼ gknvn ð21ÞFig. 21. Strain stress curves of the uniaxial tensile tests under different strain rates
by the DLSM with a stochastic particle model (particle size = 100 lm).where Fvis is the viscous force between two particles, g is a dimen-
sionless viscous parameter, kn is the normal stiffness, and vn is the
normal relative velocity between two particles which is calculated
as
vn ¼ ððvj  viÞ  nÞn ð22Þ
where vi and vj are particle velocities, and n is the unit normal vec-
tor pointing from particle i to particle j.
To introduce the rate dependent effect of springs, a dynamic
tensile strength model for the springs is proposed
ut ¼
ut0; v < v ref
ut0
v
vref
 a
; v P v ref
8<
: ð23Þ
where ut0 is the maximum deformation of the spring (0.56 lm for
all the simulations), v ref is the reference velocity and a is a dynamic
parameter. The shear strength is assumed to be independent of dy-
namic effects. The two dynamic parameters (a and v ref ) can be ob-
tained from a calibration with the experimental data. v is a
smoothed velocity between two particles, which is calculated as
v ¼ un
t
¼ ðuj  uiÞ  n
t
ð24Þ
where un is the normal deformation of the spring between particle i
and particle j, ui and uj are the particle displacements respectively.
The purpose of introducing this phenomenological dynamic model
is to extract the strain rate dependency of the springs at the particle
scale from the experimental data at the specimen scale.
The CT based particle model, combined with the viscous and dy-
namic models for the springs, is used to simulate the uniaxial ten-
sile tests. All the simulation parameters are the same as used in
Section 5.2.1. Fig. 25 show the uniaxial tensile strength predicted
by the DLSM with the viscous model using different viscous
parameters g. With increase of g, the uniaxial tensile strength will
increase (see Fig. 25). However, the strain rate dependency has no
unique relationship with the viscosity (see Fig. 26). With an
Fig. 22. Failure patterns of the uniaxial tensile tests under different strain rates by the DLSM with the stochastic particle model (particle size = 100 lm).
Fig. 23. The strain dependency of Gosford sandstone predicted by the DLSM with
different particle models (particle size = 100 lm).
Fig. 24. Inﬂuence of particle size on the strain dependency of Gosford sandstone.
Fig. 25. Inﬂuence of spring viscosity on the dynamic direct tensile strength of
Gosford sandstone.
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decrease (around ±2.0%). This minor inﬂuence indicates that the
viscous interaction between particles is not the main cause of the
strain rate dependency.
In a ﬁnal set of simulations, the dynamic model for springs is
adopted together with the viscous model, where the viscous
parameter is taken as g ¼ 5:0e 9, and the dynamic parameters
are selected as v ref ¼ 2500 lm=s and a ¼ 0:20 from a calibration.
The two dynamic parameters are determined using experimental
data on uniaxial tensile strength of the sandstone under different
strain rates, e.g. the uniaxial tensile strength under strain rates of
20 s1 and 100 s1, respectively. The numerical results are summa-
rized in Fig. 27. The DLSM with a realistic microstructure from X-
ray micro CT, viscous model, and dynamic model can simulate well
the experimental data. In other word, the strain rate dependency at
particle scale is extracted.
From the range of numerical tests conducted, it is concluded
that there are two main mechanisms for the strain rate
Fig. 26. Inﬂuence of spring viscosity on the strain rate dependency of Gosford
sandstone.
Fig. 27. The strain rate dependency of Gosford sandstone predicted by the DLSM
using different particle models and constitutive models.
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the microstructure (specimen scale), which makes up around 22%
of the total contribution; and (ii) the dynamic effect of springs
(particle scale) which makes up the remaining 78%. Like the tail-
biting Uroborus, the dynamic effect of the springs can also be di-
vided into a microstructure part (particle scale) and a dynamic ef-
fect at the sub-particle scale. Finally, the strain rate dependency
may become disappeared or negligible at a certain small scale.
6. Conclusions
The strain rate dependency of the uniaxial tensile strength of
Gosford sandstone is studied using the DLSM. A realistic virtual
sandstone specimen is built by developing a mapping procedure
to utilize the CT image data for the sandstone. The procedure used
to build the DLSM is outlined and involves inserting pores at the
same locations where they were observed by scanning. The inﬂu-
ence of the microstructure on the strain rate dependency of tensile
strength is investigated through a series of numerical tests. These
simulations adopt a simple brittle constitutive model for springs.
First, rate independency of the springs is assumed to focus on just
the inﬂuence of the microstructure. An 8% strength increase was
caused by the microstructure as strain rate increased from 20 to
100 s1. To further investigate the microstructural effect, a sto-
chastic particle model is built by removing randomly 10% of parti-
cles. The results reafﬁrmed that the introduction of microstructure
causes a strain rate dependency. Additionally, the inﬂuence of par-
ticle size on the strain rate dependency was studied and found tohave negligible inﬂuence. In further tests, viscous and dynamic
models were used for the springs. The results showed that the rate
dependency of the springs rather than the their viscosity is a main
mechanism causing strain rate dependency of uniaxial tensile
strength. When combined, it was found that the microstructure ef-
fect caused about 22% of the strength gain, and the rate depen-
dency of springs caused around 78% of the strength gain. The
ﬁnding that both microstructure and the rate dependency of
springs are the two dominant mechanisms causing strain rate
dependant uniaxial tensile strength in sandstone is new, which
can be used to develop improved dynamic constitutive models that
consider the microstructure inﬂuence.
Acknowledgements
This research is ﬁnancially supported by the Australian Re-
search Council (Grant No. DE130100457), the State Key Laboratory
of Coal Resources and Safe Mining, CUMT (Grant No.
SKLCRSM11KFA02) and the National Natural Science Foundation
of PR China (Grant No. 41172241).
References
Asai, M., Terada, K., Ikeda, K., Suyama, H., Fujii, K., 2003. Meso-scopic numerical
analysis of concrete structures by a modiﬁed lattice model. J. Struct. Mech.
Earthquake Eng. 731, 43–54.
Asprone, D., Cadoni, E., Prota, A., Manfredi, G., 2009. Dynamic behavior of a
Mediterranean natural stone under tensile loading. Int. J. Rock Mech. Min. Sci.
46 (3), 514–520.
Bai, L., Baker, D.R., Hill, R.J., 2010. Permeability of vesicular Stromboli basaltic glass:
lattice Boltzmann simulations and laboratory measurements. J. Geophys. Res.
115, B07201, 10.1.
Blunt, M.J., Bijeljic, B., Dong, H., Gharbi, O., Iglauer, S., Mostaghimi, P., Paluszny, A.,
Pentland, C., 2013. Pore-scale imaging and modeling. Adv. Water Resour. 51,
197–216.
Cadoni, E., 2010. Dynamic characterization of orthogenesis rock subjected to
intermediate and high strain rates in tension. Rock Mech. Rock Eng. 43 (6), 667–
676.
Chen, S., Yue, Z.Q., Tham, L.G., 2004. Digital image-based numerical modeling
method for prediction of inhomogeneous rock failure. Int. J. Rock Mech. Min.
Sci. 41, 939–957.
Chen, S., Yue, Z.Q., Tham, L.G., 2007. Digital image based approach for three-
dimensional mechanical analysis of heterogeneous rocks. Rock Mech. Rock Eng.
40 (2), 145–168.
Chong, K.P., Boresi, A.P., 1990. Strain rate dependent mechanical properties of new
albany reference shale. Int. J. Rock Mech. Min. Sci. 27, 199–205.
Chong, K.P., Hoyt, P.M., Smith, J.W., Paulsen, B.Y., 1980. Effects of strain rate on oil-
shale fracturing. Int. J. Rock Mech. Min. Sci. 17, 35–43.
Cox, B.N., Gao, H.J., Gross, D., Ritteld, D., 2005. Modern topics and challenges in
dynamic fracture. J. Mech. Phys. Solids 53, 565–596.
Dai, Q., 2011. Two and three-dimensional micromechanical viscoelastic ﬁnite
element modeling of stone-based materials with X-ray computed tomography
images. Constr. Build. Mater. 25, 1102–1114.
Dai, F., Huang, S., Xia, K., Tan, Z., 2010. Some fundamental issues in dynamic
compression and tension tests of rocks using split Hopkinson pressure bar. Rock
Mech. Rock Eng. 43, 657–666.
Degruyter, W., Bachmann, O., Bachmann, O., Malaspinas, O., 2010. Synchrotron X-
ray microtomography and lattice Boltzmann simulations of gas ﬂow through
volcanic pumices. Geosphere 6, 47.
di Prisco, M., Mazars, J., 1996. Crush-crack a non-local damage model for concrete.
Mech. Cohes. Frict. Mater. l1, 321–347.
Du, J., Kobayashi, A.S., Hawkins, N.M., 1989. FEM dynamic fracture analysis of
concrete beams. J. Eng. Mech. 115, 2136–2149.
Ichikawa, Y., Kawamura, K., Uesugi, K., Seo, Y.S., Fujii, N., 2001. Micro- and macro
behavior of granitic rock: observations and viscoelastic homogenization
analysis. Comput. Methods Appl. Mech. 191 (1–2), 47–72.
Jaeger, J.C., 1967. Failure of rocks under tensile conditions. Int. J. Rock Mech. Sci. 4,
219–227.
Kumar, A., 1968. Effect of stress rate and temperature on strength of basalt and
granite. Geophysics 33, 501–510.
Lengsfeld, M., Schmitt, J., Alter, P., Kaminsky, J., Leppek, R., 1998. Comparison of
geometry-based and CT voxel-based ﬁnite element modelling and experimental
validation. Med. Eng. Phys. 20, 515–522.
Li, H.B., Zhao, J., Li, T.J., 1999. Triaxial compression tests on a granite at different
strain rates and conﬁning pressures. Int. J. Rock Mech. Min. Sci. 36 (8), 1057–
1063.
Li, H.B., Zhao, J., Li, T.J., 2000. Micromechanical modelling of the mechanical
properties of a granite under dynamic uniaxial compressive loads. Int. J. Rock
Mech. Min. Sci. 37, 923–935.
1600 G.-F. Zhao et al. / International Journal of Solids and Structures 51 (2014) 1587–1600Li, Q.M., Lu, Y.B., Meng, H., 2009. Further investigation on the dynamic compressive
strength enhancement of concrete-like materials based on split Hopkinson
pressure bar tests. Part II: numerical simulations. Int. J. Impact Eng. 36, 1335–
1345.
Liu, H.Y., Roquete, M., Kou, S.Q., Lindqvist, P.A., 2004. Characterization of rock
heterogeneity and numerical veriﬁcation. Eng. Geol. 72, 89–119.
Ma, G.W., Wang, X.J., Ren, F., 2011. Numerical simulation of compressive failure of
heterogeneous rock-like materials using SPH method. Int. J. Rock Mech. Min.
Sci. 48 (3), 353–363.
Masuda, K., Mizutani, H., Yamada, I., 1987. Experimental study of strain-rate
dependence and pressure dependence of failure properties of granite. J. Phys.
Earth 35, 37–66.
Ord, A., Vardoulakis, I., Kajewski, R., 1991. Shear band formation in Gosford
sandstone. Int. J. Rock Mech. Min. Sci. Geomech. Abstr. 28, 397–409.
Ovaysi, S., Piri, M., 2010. Direct pore-level modeling of incompressible ﬂuid ﬂow in
porous media. J. Comput. Phys. 229, 7456–7476.
Schlangen, E., 2008. Crack development in concrete part 2: modelling of fracture
process. Key Eng. Mater. 385–387, 73–76.
Schlangen, E., Garboczi, E.J., 1997. Fracture simulations of concrete using lattice
models: computational aspects. Eng. Fract. Mech. 57, 319–332.
Schlangen, E., van Mier, J.G.M., 1992. Experimental and numerical analysis of
micromechanics of fracture of cement-based composites. Cem. Concr. Res. 14
(2), 105–118.
Shiro, K., Yuji, O., Yuji, W., Ganda, S., Hideki, S., Kikuo, M., 2008. Estimation of
dynamic tensile strength of sandstone. Int. J. Rock Mech. Min. Sci. 45, 397–406.
Suﬁan, A., Russell, A.R., 2013. Microstructural pore changes and energy dissipation
in Gosford sandstone during pre-failure loading using X-ray CT. Int. J. Rock
Mech. Min. Sci. 57, 119–131.
Tang, C.A., Kaiser, P.K., 1998. Numerical simulation of cumulative damage and
seismic energy release in unstable failure of brittle rock – part I. Fundamentals.
Int. J. Rock Mech. Min. Sci. 35 (2), 113–121.
Van Mier, J.G.M., 1991. Mode I fracture of concrete: discontinuous crack growth and
crack interface grain bridging. Cem. Concr. Res. 21, 1–15.Wang, X.S., Wu, B.S., Wang, Q.Y., 2005. Online SEM investigation of microcrack
characteristics of concretes at various temperatures. Cem. Concr. Res. 35, 1385–
1390.
Yan, D., Gao, L., 2006. Dynamic properties of concrete in direct tension. Cem. Concr.
Res. 36 (7), 1371–1378.
Yue, Z.Q., Chen, S., Tham, L.G., 2003. Finite element modeling of geomaterials using
digital image processing. Comput. Geotech. 30, 375–397.
Zeghal, M., Lowery, M., 2002. Use of digital images to enhance discrete element
modeling. In: Proc Third International Conference on Discrete Element
Methods, pp. 107–111.
Zhang, Q.B., Zhao, J., 2013. A review of dynamic experimental techniques and
mechanical behaviour of rock materials. Rock Mech. Rock Eng.. http://
dx.doi.org/10.1007/s00603-013-0463-y.
Zhao, J., 2000. Applicability of Mohr-Coulomb and Hoek-Brown strength criteria to
dynamic strength of brittle rock materials. Int. J. Rock Mech. Min. Sci. 37, 1115–
1121.
Zhao, G.F. 2010. Development of micro-macro continuum–discontinuum coupled
numerical method (Ph.D. thesis). EPFL, Switzerland.
Zhao, G.F., Fang, J., Zhao, J., 2011. A 3D distinct lattice spring model for elasticity and
dynamic failure. Int. J. Numer. Anal. Methods Geomech. 35, 859–885.
Zhao, G.F., Fang, J.N., Sun, L., Zhao, J., 2013. Parallelization of the distinct lattice
spring model. Int. J. Numer. Anal. Methods Geomech. 37, 51–74.
Zhou, X.Q., Hao, H., 2008. Modelling of compressive behaviour of concrete-like
materials at high strain rate. Int. J. Solids Struct. 45, 4648–4661.
Zhu, W.C., Tang, C.A., 2006. Numerical simulation of Brazilian disk rock failure
under static and dynamic loading. Int. J. Rock Mech. Min. Sci. 43, 236–252.
Zhu, W.C., Liu, J., Yang, T.H., Sheng, J.C., Elsworth, D., 2006. Effects of local rock
heterogeneities on the hydromechanics of fractured rocks using a digital-
image-based technique. Int. J. Rock Mech. Min. Sci. 43, 1182–1199.
Zhu, J.B., Zhao, G.F., Zhao, X.B., Zhao, J., 2011. Validation study of distinct lattice
spring model (DLSM) on P-wave propagation across multiple parallel joints.
Comput. Geotech. 38, 298–304.
